Purpose of the review Scapholunate and perilunate injuries can be difficult to diagnose and treat in the athlete. In this review article, we present the mechanism of injury, evaluation, management, and outcomes of treatment for these injuries. Recent findings Acute repair of dynamic scapholunate ligament injuries remains the gold standard, but judicious use of a wrist splint can be considered for the elite athlete who is in season. The treatment of static scapholunate ligament injury remains controversial. Newer SL reconstructive techniques that aim to restore scapholunate function without compromising wrist mobility as much as tenodesis procedures show promise in athlete patients. Summary Acute injuries to the scapholunate ligament are best treated aggressively in order to prevent the sequelae of wrist arthritis associated with long-standing ligamentous injury. Acute repair is favored. Reconstructive surgical procedures to manage chronic scapholunate injury remain inferior to acute repair. The treatment of lunotriquetral ligament injuries is not well defined.
Introduction
The scaphoid, lunate, and triquetrum constitute the proximal carpal row of the wrist, commonly referred to as the intercalary segment. These three bones are linked via the scapholunate (SL) and lunotriquetral (LT) interosseous ligaments, respectively. The lunate is held in balance between a flexion-moment provided by the scaphoid and an extension moment provided by the triquetrum [1] . Both the SL and LT ligaments have three main components: dorsal, proximal (or membranous), and volar segments. Biomechanical studies have shown that the dorsal aspect of the SL ligament and the volar aspect of the LT ligament are the primary functional components of these interosseous ligaments [2, 3] . These ligaments do not function in isolation. There is an extensive extrinsic ligamentous complex that consists of volar and dorsal radiocarpal and ulnocarpal ligaments that provides additional stability to the proximal row. Injuries to the wrist vary in severity by the degree and number of stabilizing ligaments disrupted [4, 5] .
The mechanism responsible for most scapholunate and perilunate injuries is wrist extension, ulnar deviation, and carpal supination [6] . Mayfield described a progression of perilunate instability, traveling from radial to ulnar around the lunate: stage I involves disruption of the scapholunate articulation, stage II adds lunocapitate disruption, stage III adds lunotriquetral disruption, and finally, stage IV involves dislocation of the lunate from the radius [6] (Fig. 1) . Conversely, wrist extension, radial deviation, and intercarpal pronation create a reverse-progression of intercarpal disruption, starting with lunotriquetral disruption and working from ulnar to radial [7] . A three stage progression has been described [7] (Fig. 2 ). As such, isolated scapholunate and lunotriquetral ligament injuries are within the greater perilunate spectrum.
Forceful wrist extension is a common mechanism for a variety of other wrist injuries, including distal radius and scaphoid fractures, which are much more common than scapholunate or perilunate ligamentous injuries [8] . While intercarpal ligamentous injuries may occur in concert with bony injuries at the wrist [9] , a detailed discussion of these concordant injuries is beyond the scope of this review. The treating physician must consider these more common diagnoses in the injured athlete.
Diagnosis
Scapholunate injuries, and other perilunate injuries, are likely under-appreciated injuries, commonly dismissed as simple "sprains," especially in athletes [10] . Delays in appropriate treatment can significantly affect outcome as treatment of acute scapholunate and perilunate injuries have better results than treatment for chronic injuries [11, 12] . As such, prompt and accurate diagnosis is paramount.
Higher stage perilunate injuries occur most frequently from high-energy trauma [13] . Lower stage injuries, such as isolated scapholunate or lunotriquetral ligament tears, are more likely to occur in an athlete who collides with another athlete or the ground [11] . Accurate diagnosis of scapholunate and lunotriquetral injuries can be challenging in the acute setting. Localized pain over the scapholunate or lunotriquetral intervals, or instability on examination, which may include a positive Watson's shift, laxity on lunotriquetral shuck, or a positive Kleinman's shear test, should alert the physician to consider injury to the SL or LT ligaments and initiate additional diagnostic testing [14, 15] . A high index of suspicion is essential so as not to delay the initiation of appropriate treatment.
Investigation includes plain radiographs with a neutral posterior-anterior (PA) and lateral view. SL interval widening >3 mm on the PA view, or a scapholunate angle >70°on the lateral, is concerning for a SL ligament injury [11] . A 20°t angential PA view as described by Moneim is also recommended as it allows direct viewing of the SL interval and does not require painful contraction or positioning by the patient [16] . Multiple stress views have been proposed including: PA clenched fist-neutral, PA clenched fist-radial deviation, PA clenched fist-ulnar deviation, PA finger traction-pronation, PA thumb traction, anteroposterior (AP) clenched fist-neutral, AP clenched fist-radial deviation, PA clenched pencil, and AP clenched fist-ulnar deviation (UD) [5] . As obtaining these stress views can cause pain for the patient and patient effort is required, caution must be used when evaluating these studies. In a cadaveric model, the PA clenched pencil view, which allows viewing of both wrists simultaneously, was the most reproducible and consistently showed the widest SL gaps [5] . Contralateral wrist comparison radiographs are strongly recommended as some SL widening may be physiologic rather than pathologic.
Scapholunate ligament injuries are further classified as "pre-dynamic," "dynamic," or "static" based on imaging. Pre-dynamic instability occurs when no abnormalities can be determined on standard radiographs though a ligament tear is found using advanced imaging or at the time of surgery. Dynamic instability is noted when normal measurements are found on neutral, non-stress radiographs, but pathologic widening is seen on stress views. Static instability is noted when a widened scapholunate interval and a dorsiflexion intercalated segment instability (DISI) pattern are observed on neutral, non-stress radiographs. Static scapholunate dissociation correlates with a more involved injury to the secondary stabilizing extrinsic ligaments, in addition to the SL ligament itself [4, 5] .
Advanced imaging may be used to evaluate for scapholunate or perilunate injuries. A wide range of modalities has been described, from computed tomography (CT) to magnetic resonance imaging (MRI), MR-arthrogram (MRA) to cine-MRI, cine-fluoroscopy to 4D-CT [17] [18] [19] . MRI and MR-arthrograms are most commonly performed. As with radiographs, traction during imaging may facilitate recognition of pathology. Compared to conventional MRA, traction MRA demonstrates improved sensitivity, specificity, and accuracy when evaluating for full-thickness tears of the SL and LT ligaments [20] .
While advanced imaging may be helpful, diagnostic arthroscopy remains the gold standard to diagnose intercarpal ligament tears [21] . In 1996, Geissler et al. proposed an arthroscopic staging system for SL injuries that has been widely applied, including to LT injuries [9] . Stage I involves attenuation of the ligament as seen from the radiocarpal joint, without malalignment in the midcarpal joint; stage II involves incongruence as seen in the midcarpal joint though a probe may not be passed between the respective bones; stage III involves increased incongruence such that a probe may be passed between the respective bones; and stage IV involves gross instability and incongruence such that a 2.7 mm arthroscope may be "driven" between the respective carpal bones [9] (Table 1) .
Uniqueness of athletes
Caring for athletes often presents a unique set of circumstances surrounding injury evaluation and treatment. These factors include personal demands and coaching expectations such that many physicians consider caring for athletes different from managing others in the general population [22] . One must not only consider the actual injury, but the athlete as a whole [10] . Scapholunate and perilunate injuries in the athlete require an important risk-benefit discussion between the athlete and the treating physician. One must understand that there may be incredible pressure from parents, coaches, teammates, agents, and/or trainers, but ultimately, the treating physician must do what is in the athlete's best interest, while maintaining sound ethical principles. A recent survey of consultant hand surgeons managing professional athletes showed that there was significant variability in the management of hand and wrist injuries, a finding that demonstrates that treatments are very specifically individualized [22] . The management of these injuries in athletes depends on the age of the athlete, the sport, the position the athlete plays, and the timing in regard to the current season as well as future seasons [23] .
The goal of treatment of scapholunate and perilunate injuries, from the surgeon's perspective, is restoration of a stable and functional wrist with minimal morbidity. The goal of treatment from the athlete's perspective may be different; it may simply be an expedited return to competition. The recovery of mobility, strength, and dexterity specific to the individual needs must be acknowledged in order to get the athlete back into competition as quickly as possible [24] . Both overtreatment (such as excessive dissection during surgery or unnecessarily prolonged immobilization) and under treatment (such as inadequate fixation or insufficient immobilization) can have devastating consequences and can result in seasonending or even career-ending outcomes [10] .
Treatment options Non-operative management
Non-operative treatment is primarily reserved for stable, partial SL ligament tears, and perilunate injuries. A period of immobilization for 4 to 6 weeks is curative in most patients [23] . Elite athletes may also benefit from their increased access to therapy as these athletes are often under close supervision of athletic trainers and physical therapy staff, whereas non-athletes may not have this benefit. Additionally, judicious use of a wrist splint or cast can be considered for the elite athlete that is in season, if their particular position allows.
Anderson and Hoy reported on a series of five patients with at least partial SL ligament tearing treated with an orthotic and rehabilitation program [25] . A custom splint was worn for a minimum 6 weeks limiting the patient to mid-range dartthrowers motion. Dart-throwers motion is defined as the arc traveling from radial deviation with extension to ulnar deviation with flexion. It had been shown to place very little stress on the SL ligament and therefore allows earlier motion to improve function of secondary wrist stabilizers [24, 25] . Rehabilitation afterward consisted of strengthening and proprioceptive exercises. Although the study was limited by a lack of baseline data and consistent implementation, patients reported improved pain and function at median 4-year follow-up [25] .
Operative management
With a goal of returning to full activity and function, surgical treatment is a mainstay of SL ligament and perilunate injury treatment in the athlete [11] . Surgical indications vary based on the severity of the instability, the chronicity of the injury, and the presence of degenerative changes (Table 2) . Salvage procedures (partial wrist fusions) are used to manage the sequelae of chronic scapholunate and perilunate injuries. Because such operations are likely to end an athlete's career, however, they are not further discussed in this manuscript.
In pre-dynamic injuries, in which partial ligament injuries are typical, arthroscopic treatment is indicated when immobilization is unsuccessful. In general, arthroscopic debridement is performed in concert with other techniques such as thermal shrinkage and k-wire fixation. Lee et al. demonstrated significant improvement in pain and grip strength in patients with Geissler stage I and II SL injuries after arthroscopic debridement and thermal shrinkage at mean follow-up of 52.8 months [26] . A recent study by Pirolo et al. found that electrothermal treatment of SL and LT ligament tears eliminated neuronal tissue within the ligament, suggesting that the improvement in pain is via a denervation effect [27] .
In dynamic and reducible static injuries, treatment depends on the time passed from the trauma because the interosseous ligaments degenerate over time and are difficult to repair once chronic tears have developed [11, 12] . Rohman et al. compared outcomes of treatment for SL instability before and after 6 weeks from injury and found an increased failure rate and worse radiographic outcomes in patients treated after 6 weeks from the initial injury [12] . For the elite athlete, when treatment is considerably delayed, the treatment options are generally unfavorable. Therefore, direct repair of an acute injury offers the best conditions for a successful outcome. The importance of early surgery, preferably within 3 weeks from injury, cannot be over-emphasized [24] . In acute dynamic and reducible static injuries, the ligament can be repaired and a dorsal capsulodesis can be added to enhance the repair. Melone et al. demonstrated an average Mayo wrist score of 85 and full return to play in 100% of professional basketball players followed for more than 5 years who were treated in this manner [24] .
For patients with chronic injures, ligament reconstruction is generally superior to repair [12] . While reconstruction can favorably alter the deteriorating pattern of carpal instability, it remains limited in its capacity to restore sufficient function for the athlete as stability is achieved at the expense of mobility [24] . There are many described methods of ligament reconstruction, including tenodesis [28, 29] , free tendon graft [30] , bone-retinaculum-bone (BRB) [31, 32] , reduction and association of the scaphoid and lunate ligament (RASL) [33, 34] , and the scapholunate axis method (SLAM) [35] . As with acute repair, dorsal capsulodesis may be performed in conjunction with any of these procedures [36] .
In 1995, Brunelli and Brunelli presented a technique for the treatment of SL tears in which a slip of the flexor carpi radialis (FCR) tendon was transferred from volar-to-dorsal in a scaphoid tunnel and secured to the dorsal aspect of the lunate and the distal radius [28] . There have been many recent modifications to this technique. One such modification, commonly referred to as a "three-ligament tenodesis" or "modified Brunelli," has been popularized by Garcia-Elias et al. [29] . Pauchard et al. found that patients with static instability who underwent the "three-ligament tenodesis" procedure had a statistically significant improvement in pain, grip strength, and wrist function at 2-year follow-up, despite no difference in pre-versus post-operative radiographs, although they also had a significant complication rate and progression of arthritis; as such, they argued that the use of this procedure may need to be re-evaluated. Williams et al. reported that 79% of professional athletes (mostly rugby players) were able to return to play within 4 months after undergoing modified Brunelli SL reconstruction, though ultimately only 64% were able to return to their previous level of competition [37] . Elsaftawy et al. proposed a technique for SL reconstruction in which a free tendon graft is routed through parallel tunnels in the scaphoid and lunate and secured back onto itself at the proximal pole of the scaphoid to recreate the anatomic relationship between the scaphoid and lunate, without involving the dorsal extrinsic ligaments [30] . They also described a modification to the Brunelli technique using a similar course for the FCR tendon. In a cadaveric study, they found improved anatomic alignment and rotatory stability of the scaphoid, without the loss of motion typical of other tenodesis techniques, and thus concluded that their techniques could be options in the future for dynamic and static SLIL instability [30] . Such a technique is appealing in the athlete where preservation of wrist motion may be critical.
As no reconstructive technique to date has proven to provide optimal results, some have directed efforts toward replacement of the dorsal aspect of the SL ligament, the most structurally and functionally important aspect of the ligament [31, 38] . Based on the use of bone-patellar tendon-bone autograft for anterior cruciate ligament reconstruction of the knee, Weiss described the use of bone-retinaculum-bone (BRB) autograft for the treatment of SLIL injuries [32] . Soong et al.
published long-term outcomes of patients who underwent BRB reconstruction for dynamic SL instability and found that results were comparable to those of other SL ligament reconstruction procedures [39] . A variety of bone-tissue-bone (BTB) autografts have been proposed, although the exact indication for composite tissue replacement remains to be determined [38] .
Based on observations that patients with pseudoarthrosis associated with failed scapholunate arthrodesis tend to do better than those who achieve fusion, reduction, and association of the scaphoid and lunate (RASL) was developed as a procedure that utilizes a Herbert screw to create a fibrous union between the scaphoid and lunate [33] ; it can be performed with or without concomitant SL ligament repair [33, 34, 40] . While outcomes have been favorable, the procedure typically requires screw removal at a later date because the screw often loosens [40] . The scapholunate intercarpal (SLIC) screw (Acumed, Hillsboro, OR) has been developed to address issues with the rigid Herbert screw; this screw allows an "anatomic toggle" of 15-22°, allowing the scaphoid and lunate to move anatomically while the soft tissue heals [23] . Geissler and Burkett report a return to play at 1-2 weeks post-op when the SLIC screw is used [23] .
The scapholunate axis method (SLAM) is another technique that is used to reconstruct the SL ligament in patients with dynamic or reducible static SL instability [35] . Yao et al. reported an improvement in radiographic SL gap and angle, grip strength, and pain scores in patients undergoing the SLAM procedure [35] . They believe the SLAM technique is superior to other reconstructive options because no other method has been proven to restore scaphoid extension, decrease the SL gap, and correct scaphoid pronation using a multi-planar biologic tether; in addition, there is no need for screw removal and the graft is less rigid than with a metal screw [35] . Similar to the SLAM, Ross et al. proposed a new ligament reconstruction technique in which a portion of the FCR tendon is rerouted through a transosseous tunnel across the scaphoid, lunate, and triquetrum [41] . This technique is different from the SLAM in that it can also be used for lunotriquetral ligament injuries. Having used the technique in more the 40 patients since 2009, Ross et al. reported improved quickDASH and PRWE scores, grip strength, pain, similar ROM, and a maintained SL interval on radiographs [41] . They compared their outcomes to other ligament reconstructions and determined that their clinical and radiographic outcomes were similar, if not superior. Therefore, they concluded that the technique is effective but expressed caution because of the small number of patients studied and complexity of the procedure [41] .
Treatment of LT injuries
Isolated LT ligament injury is not as common or as well described as SL injuries. Patients with non-dissociative LT injuries rarely present for treatment, unless they have continued intermittent ulnar-sided wrist pain. Interestingly, patients with acute LT injuries tend to present after more significant, traumatic perilunate injuries [42] . The grading and treatment of LT injuries have been extrapolated from the SL literature (Table 3 ). Similar to SL injuries, the Geissler grading system is utilized for classification [9] . Recent review articles highlight the limited amount of research available [11, 42, 43] . In general, LT injuries are treated non-operatively with immobilization for 4-6 weeks and may be supplemented with intra-articular steroid injections or NSAIDS [42] . The success of non-operative management has rarely been described, and there are no current studies comparing operative versus nonoperative management of this type of injury.
In high-demand athletes, surgical management may be beneficial to return them to their previous level of play [11] . If the athlete has a partial LT injury, arthroscopic debridement may be considered, with or without electrothermal treatment. Reported outcomes are overall encouraging, with good to excellent pain relief in 20-100% and post-operative grip strength of 67-97% compared to the non-injured side [42, 43] . When the athlete has a complete LT ligament tear, acute repair or reconstruction, with or without capsulodesis, may be performed. High level of evidence studies are lacking, though reports have quoted the outcomes with range of motion from 62-100% of normal, grip strength 67-100% of normal, and patients with good to excellent results in 50-87% of cases [11] . Studies based on repair alone demonstrated a 77% reoperation rate whereas reconstruction had a 31% reoperation rate at 5 years [11] .
Chronic LT tears can occur from ulnar positive variance. A recent study by Mirza et al. examined ulnar shortening osteotomies (USO) for isolated LTIL injuries that have failed non-operative management [44] . They postulated that USO may decrease ulnar-sided wrist pain with fewer complications compared to other treatments by tightening the triangular fibrocartilage complex (TFCC) and extrinsic ligaments [44] . They retrospectively examined 53 cases with a minimum follow-up of 1 year and determined that 83% had good to excellent outcomes on Gartland Werley score, grip strength increased 41% of the preoperative value, and all patients had clinical and radiographic union by 10 months [44] . The authors concluded that USO may be an effective primary treatment in addressing traumatic LTIL tears, but further studies are needed. Arthrodesis of the LT joint is another procedure advocated to treat patients with resistant LT instability because patients with congenital LT coalition generally have normal grip strength and ROM [11, 42] . LT fusion has been found to have a range of motion 59-85% of normal, grip strength 59-93% of normal, and patient-reported satisfaction 0 to 93% with 27 to 59% of patients still reporting pain [11, 42, 43] .
Best practices and treatments for LT instability are not known. Paci and Yao concluded that 4 weeks of immobilization should be attempted in athletes for acute or chronic LTIL injuries. If this fails, early intervention with repair should follow as unpredictable outcomes exist with reconstructive procedures [11] . Overall, these injuries continue to be difficult to manage for the treating hand surgeon as there is very little evidence upon which treatments are based.
Conclusions
It is prudent to diagnose scapholunate and perilunate injuries expeditiously in athletes as treatment of chronic tears is less predictable than earlier treatments that often result in better outcomes. Treatment must be tailored to the individual athlete which includes a discussion of injury severity and goals of treatment. In athletes, acute repair or reconstruction of the injured ligament is preferred, as salvage procedures will likely lead to the end of their athletic career [11] . Techniques such as a free-tendon graft, BTB replacement, RASL with a SLIC screw, and SLAM may be more favorable in athletes; in theory, these techniques work to restore normal intercarpal ligament function, without compromising mobility as much as tenodesis reconstructions. While numerous techniques are available, none has proven superior, therefore, additional studies are needed to elucidate the ideal treatment for athletes.
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